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1

APPARATUS FOR IN VIVO DIELECTRIC
SPECTROSCOPY

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority to U.S. Provisional Patent
Application No. 62/788,197 filed Jan. 4, 2019, the entirety
of which 1s incorporated by reference.

FIELD OF THE

DISCLOSURE

The present invention relates generally to sensors and
related apparatuses for measuring biological properties of a
living organism using an electric signal, and more particu-
larly to using dielectric spectroscopy techniques to eliminate
dielectric variability at the interface of a sensor and the
living organism.

BACKGROUND OF THE DISCLOSURE

Variously known as swept frequency permittivity, resis-
tive spectroscopy, impedance spectroscopy, or resistive
pulse spectroscopy, the use of electromagnetic fields on the
order of 1 Hz to tens of GHz to characterize the permittivity
response of a biological sample over this broad range of

frequencies, 1s more commonly referred to as dielectric
spectroscopy. See H. Fricke, Philos. Mag. 14,310 (1932), K.

S. Cole and R. H. Cole, J. Chem. Phys. 9, 341 (1941), K.
Asami, E. Gheorghiu, and T. Yonezawa, Biophys. I. 76,
3345 (1999), C. Prodan and E. Prodan, J. Phys. D 32, 335
(1999) and G. Smith, A. P. Dufly, J. Shen, and C. J. Olliff,
J. Pharm. Sci. 84, 1029 (1995). The diverse terms used to
describe such techniques reflect, 1n part, the fact that equiva-
lent representations are possible for electrical properties. For
example, representations of impedance as a complex num-
ber are equivalent to representations of conductance as a
complex number, and also equivalent to representations of
permittivity as a complex number. “Equivalent,” in this
sense, indicates that any of the above representations can be
tully obtained from any other, via a straightforward math-
ematical transformation. Other such equivalent representa-
tions are also possible, and are included within the scope of
this disclosure. Dielectric spectroscopy searches for permit-
tivity fingerprints consisting of impedance or capacitance
data 1n the frequency ranges of D.C. to R:' and microwave
propagation in the GHz range. See H. E. Aylifie, A. B.

Frazier, and R. D. Rabbitt, IEEE . Mlcroelectromech Syst.

8, 50 (1999) and J. Heft1, A. Pan, and A. Kumar, Appl. Phys

Lett. 75, 1802 (1999). Ideally, different components in the
solutions will have different dispersion patterns 1n different
frequency ranges. For example, ideally the 1ons in the
solutions show a particular dispersion characteristic, called
alpha dispersion, in the frequency range of 1 Hz to >1 GHz.
The macro species 1n the solutions such as cells or organ-
clles-exhibit their own particular dispersion pattern, called
beta dispersion, generally in the 1 kHz to 1 MHz range.
Finally, in the frequency range extending from 1 MHz to
hundreds of GHz, the solvents 1n the solution exhibit what

1s herein called gamma dispersion. See J. Gimsa and D.
Wachner, Biophys. I. 75, 1107 (1998) and V. Raicu, Phys.

Rev. E 60, 4677 (1999). In reality, the response of whole,
living biological organism is not so clearly differentiated and
there 1s considerable frequency overlap in the dispersion
characteristics of the diflerent components over the entire
frequency range of interest. See H. P. Schwan and S.

Takashima, Encyclopedia of Applied Physics (VCH, New
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2

York, 1993), Vol. 3, pp. 177-200, P. Debye, Polar Molecules
(Dover, N.Y., 1929), G. De Gasperis, X. Wang, J. Yang, F.
F. Becker, and P. R. C. Gascoyne, Meas. Sc1. Technol. 9, 518
(1998), A. K. Jonscher, Nature (London) 267, 673 (1977).
Access to a broad frequency range 1s important with bio-

logical samples, due to their chemical diversity. See B.
Onaral, H. H. Sun, and H. P. Schwan, IEEE Trans. Biomed.

Eng. 31, 8277 (1984) and P. A. Cirkel, J. P. M.. van der Ploeg,
and G. J. M. Koper, Physica A 235, 269 (1997). RN Clarke
(Ed.), “4 Guide to the Characterisation of Dielectric Mate-
rials at R and Microwave Frequencies,” Published by The
Institute of Measurement & Control (UK) & NPL, 2003, .
Baker-Jarvis, M. D. Janezic, R. F. Riddle, R. T. Johnk, P.
Kabos, C. Holloway, R. G. Geyer, C. A. Grosvenor, “Mea-
suring the Permittivity and Permeability of Lossy Materials:
Solids, Liquids, Metals, Building Materials, and Negative-
Index Materials,” NIST Technical Note, 2005. “Test meth-
ods for complex permittivity (Dielectric Constant) of solid
electrical insulating materials at microwave frequencies and
temperatures to 1650°,” ASTM Standard D2520, American
Society for Testing and Materials. Janezic M. and Baker-
Jarvis 1., “Full-wave Analysis of a Split-Cylinder Resonator

for Nondestructwe Permittivity Measurements,” 1EEE

Transactions on Microwave Theory and Techniques vol. 47,
no. 10, October 1999, pg. 2014-2020. J. Krupka, A. P.
Gregory, O. C. Rochard, R. N. Clarke, B. Riddle, J. Baker-
Jarvis, “Uncertainty of Complex Permittivity Measurement
by Split-Post Dielectric Resonator Techniques,” Journal of
the European Ceramic Society No. 10, 2001, pg. 2673-2676.
“Basics of Measuring the Dielectric Properties of Materi-
als”. Agilent application note. 5989-2589EN, Apr. 28, 2005.
Accordingly, there has been extensive study and knowledge
developed 1n the field of dielectric spectroscopy.

Dielectric spectra of living biological orgamisms reveal a
rich variety of dynamic processes form the cellular level
down to the analyte molecular level. Achieving a better
characterization and understanding of these processes and
compositions not only 1s of academic interest but also of
high relevance for medical applications such as, for
example, the determination of specific homeostasis pro-
cesses of the human body and agricultural applications.
These processes can be used, for example, in the detection
of plant diseases which can greatly aflect the total produc-
tion of food and agricultural maternials, and which could lead
to high amount of losses 1n terms of quality, quantity and
also 1n economic sense. Further, these processes can indicate
chemical presence and levels for various compositions
which are conventionally measured using intrusive means
(e.g. drawing blood), and analyzing a sample taken from the
organism Or person.

The dielectric properties of biological cells can provide
information regarding the cellular and molecular state of a
given population of cells. These properties are mainly char-
acterized by the beta-dispersion, a dielectric relaxation phe-
nomenon, which 1s observed 1n the medium and high fre-
quency (HF) to very high frequency (VHF) range of the
radio spectrum. The beta-dispersion mechanism in many
biological subjects 1s due to Maxwell-Wagner polarization
(interfacial polarization) at the external and internal inter-
faces of the phospholipid membrane and 1s caused by the
ability of biological cell membranes to impede electrical
current. Additional contributions to the beta-dispersion 1n
many biological subjects may be observed due to the pres-
ence of organelles, heterogeneity of the cell population, and
other phenomena.

Many existing techniques for analyzing biological organ-
1sms, microorganisms, cells, or biological molecules outside
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theirr normal biological context done in vitro (“within the
glass™), 1.e., 1n a laboratory environment using test tubes,
petr1 dishes, etc. These techniques undesirably change the
characteristics of the organism being measured so that the
organism 1s altered in undesirable ways, distorting the test
results. They also require removal of bio-material from the
organism.

Dielectric Spectroscopy techniques to estimate dielectric
properties of biological cells In Vitro are discussed at, for

example, U.S. Pat. Nos. 4,810,650, 4,965,206, 6,496,020,
6,596,507, and 7,930,110. In the known techniques to esti-
mate biological property data, electrical property data are
received by applying a signal to a solution of cells across
multiple frequencies.

However, these techniques are limited to in vitro, or in
glass measurements. Research has found that wide vanation
between 1n vitro and 1n vivo measurements can OCCUr.
Between beta- and gamma-relaxation, significant dispersion
1s observed, which, however, can be explained by a super-
position of these relaxation processes and 1s not due to an
additional delta-relaxation often found in biological matter.

Suitable measuring devices that can be used in performing
dielectric spectroscopy are readily discernible to one of
ordinary skill in the art. For example, there are three main
torms of apparatus utilized to make Dielectric Spectroscopy
measurements, these are the coaxial probe, free space meth-
ods, and transmission line methods. In some examples,
measuring devices include a signal generator, receiver, and
signal analyzer coupled to an apparatus for measuring
clectromagnetic propertiecs of a sample. The resulting
capacitance(s), or dielectric spectrum, will be aflected by
cell attributes such as morphology, membrane charge,
organelles, health, and/or buildup or presence of metabolites
within the cell, and the resulting capacitance(s) can therefore
yield information about these attributes 1n real-time.

Resonant techniques for dielectric spectroscopy, while
highly accurate, require the subject to be entirely placed into
an electrically resonant chamber which are completely
impractical for living organisms so are not considered here.
Currently, 1n the field of dielectric spectroscopy the above
methods for precision dielectric spectroscopy of biological
tissue are typically not applied to the whole, living biologi-
cal organmism or greatly perturb the organism. These methods
undesirably change the characteristics of the organism being
measured so that the organism 1s altered in undesirable
ways, distorting the test results.

The open-ended coaxial probe i1s a cut off section of
transmission line. A material 1s typically measured by
immersing the probe mnto a liquid or touching it to the flat
face of a solid (or powder) material. The fields at the probe
end “fringe” 1nto the material and change as they come into
contact with the material under test. The reflected signals 1n
the form of S-parameters (S11) can be measured and related
to the relative permittivity of the material as a function of
frequency. The open-ended coaxial probe method 1s broad-
band and non-destructive. However, for biological in vivo
measurements the method requires that the subject be a)
semi-1nfinite 1n thickness, b) 1sotropic and homogeneous, ¢)
a tlat surface, and d) have no air gaps. The open-ended
coaxial probe method i1s typically used 1n conjunction with
a vector network analyzer (VNA) to record the frequency-
dependent complex reflection coeflicient. The permaittivity
over Ifrequency of the sample i1s then calculated from the
reflection coellicient at the probe aperture using standard
iverse techniques.

Open-ended coaxial probes must be carefully calibrated
so that the reflection-coeflicient measurements are refer-
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enced to the probe aperture plane. This 1s usually done 1n one
of two ways, which are: 1) using reference liquids for direct
calibration at the open end of the probe or 2) using mechani-
cal or electronic calibration standards at the connector plane
combined with a model of the probe that translates the
reference plane to the aperture. These requirement make
using the open-ended coaxial probe highly impractical for
use 1n measuring 1n vivo processes.

Free-space methods use antennas to focus radio energy at
or through a sample of material without the need for a test
fixture. This method 1s non-contacting and can be applied to
materials to be tested under high temperatures and hostile
environments. Like the open-ended coaxial probe method
Free-space methods are broadband and non-destructive.
However, for biological in vivo measurements the method 1s
not practical because 1t requires large, flat, parallel-faced
samples which 1s limited 1n biological subject by practical
sample size to high frequencies 1n the microwave region.

Transmission line methods involve placing the material
inside a portion of an enclosed transmission line. The line 1s
usually a section of rectangular waveguide or coaxial airline.
Both electrical permittivity e, * and magnetic permeability
w,* are computed from the measurement of the retlected
signal S-parameters (S11) and transmitted signal (S21). Like
the open-ended coaxial probe method and free-space meth-
ods, transmission line methods are broadband. Unlike open-
ended coaxial probe and free space methods, transmission
line method are destructive because the biological material
must fill the fixture cross section of the transmission line
sensor with no air gaps at fixture walls. However, anisotro-
pic materials can be measured in a transmission line wave-
guide.

Dielectric Spectroscopy techniques to estimate dielectric
properties of biological subjects in vivo are discussed at, for

example, U.S. Pat. Nos. 9,247,905, 7,315,767, 7,184,810,
8,200,307, 7,693,561. All of the solutions described therein
are a variation of the coaxial probe method, and as a
practical matter, even 1f unstated, all require the biological
subject to be 1sotropic and homogeneous. These conditions
virtually never occurs for biological 1in vivo subjects, so the
techniques described above to estimate dielectric properties
ol biological subjects involve one or more mechanisms to
attempt to correct for these variations.

For example, this first defect 1s magnified 1 1 vivo
subjects when attempting to perform dielectric spectroscopy
though the skin 1nto the body because these subjects are by
definition anisotropic. A second defect occurs 1n all of the
conventional approaches described above at the interface
between the open-ended coaxial probe or probe-like struc-
ture and the surface of the skin. To date, despite tremendous
cllort, there 1s no generally acceptable electrical model of
human skin. Various methods to correct for measurement
defects arising from the skin-probe interface include blood
profusion detectors and estimators, sweat detectors, tem-
perature sensors, skin water content sensors and estimators,
skin capacitance estimators, and air gap sensors and esti-
mators. Theses sensors provide information the can gener-
ally indicate an electrical response variation 1n the skin that
can be taken into account, but given that there are multiple
variable, computing an accurate response becomes very
complex. A third defect occurs 1n many of the solutions
described above due to the fact that practical persistent data
collection strategies to detect biological process anomalies,
characterize nominal or steady state biological processes and
identify novel biological processes to estimate the most
probable state of the biological organism by observing it
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over time rather than ad hoc samples with great analytical
precision 1s not possible due to 1 vivo subject’s comiort.

Therefore, a need exists to overcome the problems with
the prior art as discussed above.

SUMMARY OF THE INVENTION

The mventive apparatus eliminates this defect allowing
the implementation of a persistent data collection strategy
that emphasizes the ability of collection systems to linger,
collecting data on demand, closely conforming to the natural
unaltered shape of the living biological organism to which it
1s attached and thereby minmimally interfering with normal
life.

It 1s, therefore, an object of the invention to overcome the
drawbacks of the prior art by providing an apparatus and
method capable of generating, detecting and recogmizing
observed electromagnetic signals, which provides a benefi-
cial persistent data collection strategy to detect biological
process anomalies, determine nominal biological processes,
characterize nominal biological processes, 1dentily biologi-
cal processes facilitating the formulation and execution of
preemptive activities to deter or forestall anticipated adverse
courses ol action and provide remedial assessment and
retreatment 1n near or real-time.

Embodiments of the inventive disclosure provide an appa-
ratus and method capable of generating, detecting and
recognizing biological processes 1n vivo though observed
clectromagnetic signal responses.

Embodiments of the inventive disclosure are directed
towards dielectric spectroscopy measurement ol 1 vivo
biological organisms with anisotropic electrical and or
mechanical properties where the inventive apparatus creates
a virtual-image of a waveguide, 1.¢., waveguide element, that
clectrically 1s considered to be inside the biological organ-
ism while the actual physical waveguide 1s outside the
biological organism.

For dielectric spectroscopy while it 1s known that the
greatest electromagnetic signal 1s coupled 1nto the specimen
to generate the greatest possible E-field when the impedance
1s matched, 1t 1s of greater importance that the impedance 1s
matched so the smallest E-field perturbations due to polar-
ization differences between different analytes within the
subject can be detected and measured.

The term “impedance matching” refers to making one
impedance of a first signal medium, which could be elec-
trical, mechanical, acoustic, optical, or dielectric, look like
that of another medium through which the signal 1s propa-
gated. Frequently, 1t becomes necessary to match a load
impedance to the source or internal impedance of a driving
source. The maximum power-transfer theorem says that to
transfer the maximum amount of power from a source to a
load, the load impedance should match the source imped-
ance.

For dielectric spectroscopy 1n biological organisms the
critical aspect 1s the extreme vanability in capacitance
between the signal emitter and the biological organism that
1s created by air gaps and for, in vivo human and animal
subjects, additional problems of blood profusion, sweat,
cllects of temperature on the skin, water content of the skin
and tissue, and most importantly, lack of a model of skin
capacitance across Irequency. Thus, a limiting factor in
biological 1 vivo dielectric spectroscopy 1s anisotropy of
the biological subject, 1n particular the skin of human and
amimal subjects.

Embodiments of the mnventive disclosure circumvent this
factor by using a plurality of dielectrics to create a wave
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guide structure with an impedance matching, as closely as
possible, the electromagnetic impedance of the effective
dielectric medium formed by the composite dielectric mix-
ture of the anisotropic biological subject.

It will be understood by those skilled in the art that the
inventive apparatus takes the general form of a transmission
line embedded 1n anisotropic media where the eflects of the
strength of dielectric anisotropy follows these rules a) the
E-field develops most strongly 1n the direction with highest
permittivity; b) the degree to which E-field follows highest
E 1s proportional to the strength of the anisotropy; c)
impedance changes in the presence ol the anisotropic
medium, and d) the E-field actually “follows™ the anisot-
ropy.

The inventive apparatus, by reducing the anisotropy at the
sensor to biological subject interface to near zero, causing
this interface to become more 1sotropic by matching the
dielectric properties of one to another, thereby causes the
sensor to biological subject interface to disappear, eflec-
tively making the waveguide electrically image inside the
biological organism while the actual physical waveguide
sensor 1s outside the biological organism, thus allowing the
anisotropy of the biological subject to dominate the mea-
surement.

In the normal course of dielectric spectroscopy, the wave-
guide structure 1s then driven with electrical signal signals
with a frequency content spread across an extremely wide
frequency range from 100 kHz to 1 GHz.

The waveguide structure 1s coupled by a plurality of
additional waveguide structures to a signal generator and
receiver by means of appropriate connectors whereby the
response ol the biological organism to the input signals 1s
recorded.

Therefore, the mnventive apparatus overcomes the draw-
backs of the prior art by providing an apparatus and method
capable of generating, detecting and recognizing electro-
magnetic signal responses of components, which provides a
beneficial persistent data collection strategy to detect bio-
logical process anomalies, determine nominal biological
processes, characterize nominal biological processes, 1den-
tify biological processes facilitating the formulation and
execution of preemptive activities to deter or forestall antici-
pated adverse courses of action and provide remedial assess-
ment and retreatment 1n near or real-time 1s thus achieved.

In accordance with the i1nventive disclosure, there 1s
provided a microstrip waveguide structure for in vivo sens-
ing of the electric permeability of an organism, wherein the
clectric permeability of the organism includes a known
permeability component and an unknown permeability com-
ponent, the microstrip waveguide structure includes a
dielectric composite having a first side and a second side
opposite the first side. The dielectric composite includes
three dielectric regions organized linearly and including a
first dielectric region, a second dielectric region, and a third
dielectric region, wherein the second dielectric region,
which 1s between the first and third dielectric regions, has an
anisotropic electric permeability that 1s different than an
clectric permeability of the first dielectric region and the
third dielectric region. The difference in permeability 1s 1n
value and can also be 1n 1sotropy. The amisotropic electric
permeability of the second dielectric region 1s selected to be
substantially equal to the known permeability component of
the electric permeability of the organism (e.g. within 20%).
The microstrip waveguide further includes a microstrip
transmission line formed on the first side of the dielectric
composite, and has an iput section formed on the first
dielectric region, a radiator portion formed on the second
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dielectric region, and an output portion formed on the third
dielectric region. There 1s also a ground plane formed on the
second side of the dielectric composite.

In accordance with a further feature, the electric perme-
ability of the first dielectric region 1s equivalent to the
clectric permeability of the third dielectric region.

In accordance with a further feature, the radiator portion
of the microstrip transmission line 1s formed as a planar
winding.

In accordance with a further feature, the planar winding 1s
formed as an alternating meander.

In accordance with a further feature, the planar winding 1s
formed as planar spiral.

In accordance with a further feature, the dielectric com-
posite 1s curved.

In accordance with a further feature, the second dielectric
region has a permittivity of 235-55.

In accordance with a further feature, the second dielectric
region has a permittivity of 2-3.

In accordance with a further feature, the second dielectric
region has a permittivity of 400 with a variation of +/-10%.

In accordance with a further feature, a thickness of the
dielectric composite 1s less than half a height of the organ-
1S1m.

In accordance with a further feature, the electric permit-
tivity of second dielectric region 1s selected to be substan-
tially equal to the known permeability component of the
clectric permeability of the organism 1n a frequency range of
100 KHz to 220 MHz.

In accordance with a further feature, at least one of the
first and third dielectric regions have an anisotropic permit-
tivity.

In accordance with the inventive disclosure, there 1is
provided a dielectric spectroscopy system for in vivo mea-
surement of constituents of an organism, the organism
having a first set ol constituents having a {first electric
permittivity, and a second set of constituents having an
clectrical permittivity to be measured, the system includes a
sensor having a dielectric composite having a first side and
a second side opposite the first side. The dielectric compos-
ite comprising three dielectric regions organized linearly and
including a first dielectric region, a second dielectric region,
and a third dielectric region. The second dielectric region
has an anisotropic electric permeability that 1s different than
an electric permeability of the first dielectric region and the
third dielectric region. The anisotropic electric permeability
of the second dielectric region 1s selected to be substantially
equal to the known permeability component of the electric
permeability of the organism. The sensor further includes a
microstrip transmission line formed on the first side of the
dielectric composite and has an input section formed on the
first dielectric region, a radiator portion formed on the
second dielectric region, and an output portion formed on
the third dielectric region. The sensor also has a ground
plane formed on the second side of the dielectric composite.
The system further includes a signal generator coupled to the
input section configured to provide signals at a plurality of
different frequencies, a coupler coupled to the input section
for detecting retlected signals from the sensor, and a receiver
coupled to the output section of the sensor to receive a
transmitted signal.

In accordance with a further feature, the electric perme-
ability of the first dielectric region 1s equivalent to the
clectric permeability of the third dielectric region.

In accordance with a further feature, the radiator portion
of the microstrip transmission line 1s formed as a planar
winding.
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In accordance with the inventive disclosure, there 1s also
provided a dielectric spectroscopy sensor for 1n vivo sensing
of a living subject that includes a dielectric composite
having a first side and a second side opposite the first side.
The dielectric composite includes three dielectric regions
organized in series and ncluding a first dielectric region, a
second dielectric region, and a third dielectric region. The
second dielectric region 1s between the first and third dielec-
tric regions and has an anisotropic electric permeability that
1s different than an electric permeability of the first dielectric
region and the third dielectric region. The sensor further
includes a microstrip transmission line formed on the first
side of the dielectric composite and has an input section
formed on the first dielectric region, a radiator portion
formed on the second dielectric region, and an output
portion formed on the third dielectric region. There 1s also a
ground plane formed on the second side of the dielectric
composite. The anisotropic electric permeability of the sec-
ond dielectric region 1s selected so that, in a given frequency
range the radiator portion appears to be electrically embed-
ded in the organism.

In accordance with a further feature, the electric perme-
ability of the first dielectric region 1s equivalent to the
clectric permeability of the third dielectric region.

In accordance with a further feature, wherein the radiator
portion of the microstrip transmission line 1s formed as a
planar winding.

In accordance with a further feature, wherein the planar
winding 1s formed as an alternating meander.

In accordance with a further feature, wherein the planar
winding 1s formed as planar spiral.

Although the mvention 1s illustrated and described herein
as embodied 1n an apparatus for 1n vivo spectroscopy, it 1s,
nevertheless, not intended to be limited to the details shown
because various modifications and structural changes may
be made therein without departing from the spirit of the
invention and within the scope and range of equivalents of
the claims. Additionally, well-known elements of exemplary
embodiments of the mnvention will not be described in detail
or will be omitted so as not to obscure the relevant details of
the 1nvention.

Other features that are considered as characteristic for the
invention are set forth 1n the appended claims. As required,
detailed embodiments of the present invention are disclosed
herein; however, it 1s to be understood that the disclosed
embodiments are merely exemplary of the mnvention, which
can be embodied 1n various forms. Therefore, specific struc-
tural and functional details disclosed herein are not to be
interpreted as limiting, but merely as a basis for the claims
and as a representative basis for teaching one of ordinary
skill 1n the art to variously employ the present invention in
virtually any appropriately detailed structure. Further, the
terms and phrases used herein are not intended to be
limiting; but rather, to provide an understandable description
of the mvention. While the specification concludes with
claims defining the features of the invention that are
regarded as novel, 1t 1s believed that the invention will be
better understood from a consideration of the following
description 1n conjunction with the drawing figures, 1n
which like reference numerals are carried forward. The
figures of the drawings are not drawn to scale.

Betore the present invention 1s disclosed and described, it
1s to be understood that the terminology used herein 1s for
the purpose of describing particular embodiments only and
1s not intended to be limiting. The terms *“a” or “an,” as used
herein, are defined as one or more than one. The term
“plurality,” as used herein, 1s defined as two or more than
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two. The term “another,” as used herein, 1s defined as at least
a second or more. The terms “including™ and/or “having,” as
used herein, are defined as comprising (1.€., open language).
The term “coupled,” as used herein, 1s defined as connected,
although not necessarily directly, and not necessarily
mechanically. The term “providing” 1s defined herein 1n its
broadest sense, e.g., bringing/coming into physical exis-
tence, making available, and/or supplying to someone or
something, in whole or 1n multiple parts at once or over a
period ol time.

“In the description of the embodiments of the present
invention, unless otherwise specified, azimuth or positional
relationships indicated by terms such as “up”, “down”,
“lett”, “nght”, “mnside”, “outside”, “front”, “back”™, “head”,
“ta1l” and so on, are azimuth or positional relationships
based on the drawings, which are only to facilitate descrip-
tion of the embodiments of the present invention and sim-
plify the description, but not to indicate or imply that the
devices or components must have a specific azimuth, or be
constructed or operated 1n the specific azimuth, which thus
cannot be understood as a limitation to the embodiments of
the present invention. Furthermore, terms such as “first”,
“second”, “third” and so on are only used for descriptive
purposes, and cannot be construed as imndicating or implying,
relative importance.

In the description of the embodiments of the present
invention, it should be noted that, unless otherwise clearly
defined and limited, terms such as “installed”, “coupled”,
“connected” should be broadly interpreted, for example, 1t
may be fixedly connected, or may be detachably connected,
or integrally connected; 1t may be mechanically connected,
or may be electrically connected; 1t may be directly con-
nected, or may be indirectly connected via an intermediate
medium. As used herein, the terms “about” or “approxi-
mately” apply to all numeric values, whether or not explic-
itly indicated. These terms generally refer to a range of
numbers that one of skill 1n the art would consider equiva-
lent to the recited values (1.e., having the same function or
result). In many instances these terms may include numbers
that are rounded to the nearest significant figure. In this
document, the term “longitudinal” should be understood to
mean 1n a direction corresponding to an elongated direction
of the transmission line element unless otherwise indicated.
The terms “program,” “software application,” and the like as
used herein, are defined as a sequence of 1nstructions
designed for execution on a computer system. A “program,”
“computer program,” or “soltware application” may include
a subroutine, a function, a procedure, an object method, an
object implementation, an executable application, an applet,
a servlet, a source code, an object code, a shared library/
dynamic load library and/or other sequence of instructions
designed for execution on a computer system. Those skilled
in the art can understand the specific meanings of the

above-mentioned terms in the embodiments of the present
invention according to the specific circumstances.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying figures, where like reference numerals
refer to 1dentical or functionally similar elements throughout
the separate views and which together with the detailed
description below are incorporated in and form part of the
specification, serve to further illustrate various embodiments
and explain various principles and advantages all 1n accor-
dance with the present invention.
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FIG. 1 1s a block diagram of a dielectric spectroscopy
system using a sensor having a composite dielectric con-

struction, 1n accordance with some embodiments:

FIG. 2 1s a side cross sectional view of a dielectric
spectroscopy sensor designed in accordance with some
embodiments, being used to measure the frequency response
ol a subject;

FIG. 3 1s a top view of a dielectric spectroscopy sensor, 1n
accordance with some embodiments;

FIG. 4 15 a top view of a dielectric spectroscopy sensor, 1n
accordance with some embodiments;

FIG. 5 15 a side view of a curved dielectric spectroscopy
sensor, 1n accordance with some embodiments;

FIG. 6 1s a side cross sectional view of a dielectric
spectroscopy sensor indicating how the radiating portion
images 1nside the subject, beyond the sensor to skin inter-
face;

FIG. 7 1s a flow chart diagram of a method for using a
dielectric spectroscopy sensor, i accordance with some
embodiments; and

FIG. 8 shows an example of a material portion having
anisotropic permittivity for use 1n a sensor for dielectric
spectroscopy, 1n accordance with some embodiments.

DETAILED DESCRIPTION

While the specification concludes with claims defining the
features of the invention that are regarded as novel, 1t 1s
believed that the invention will be better understood from a
consideration of the following description in conjunction
with the drawing figures, 1n which like reference numerals
are carried forward. It 1s to be understood that the disclosed
embodiments are merely exemplary of the mnvention, which
can be embodied in various forms.

FIG. 1 1s a block diagram of an 1 vivo dielectric
spectroscopy system 100 using a sensor 106 having a
composite dielectric construction, 1 accordance with some
embodiments. The sensor 1s used to perform dielectric
spectroscopy on a biological subject 108, which as shown
here 1s a portion of a larger organism or other biological
entity. Where the sensor 106 and the subject 108 meet there
1s an interface. For example, when the subject 1s an animal
(or human), the sensor will be 1n contact with the subject’s
skin, which presents a variable and amisotropic dielectric
component. Ordinarily the specific dielectric response of the
skin, given temperature, blood profusion, sweat, etc. would
have to be known specifically for using a conventional
open-ended coaxial probe for dielectric spectroscopy. How-
ever, the sensor 106 1s designed with anisotropic dielectric
material that matches that of skin generally. As a result, the
radiator portion of the sensor electrically 1mages as being
inside the subject, removing the effect of the sensor to skin
interface. The sensor can be configured for particular sub-
jects, such as, for example, humans, various animals, and
various vegetative subjects such as avocados, bananas, and
so on. Once the principle of the imnventive disclosure 1s
understood, those skilled 1n the art will be able to adapt the
teachings herein to various test subjects.

A variable frequency generator 102 can be used to provide
test signals at various frequencies. The test signals can be
tone signals at regular frequency intervals or intervals of
interest for a given test subject. The test signals are provided
via a signal line 104 to the sensor 106. A receiver/analyzer
110 can then measure the signal output (e.g. S,, parameter)
of the sensor, as well as the retlected signal component (e.g.
S,, parameter). The reflected signal component can be
measured using a coupler 112, while an output line 114 can
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be used to measure the transmitted signal component that
passes through the sensor 106. The measured signal
response parameters can be provided over a data line 116 or
equivalent connection to a computer 118. The computer 118
can execute a software program that allows control of the
variable frequency source 102, such as over control line 122.
The computer can also analyze the results provided by the
receiver/analyzer 110 by, for example, comparing the mea-
surements at various Irequencies with measurements pro-
duced with calibrated test samples that can be provided 1n a
data store 120 that 1s either part of the computer 118,
attached to the computer 118, or otherwise accessible by the
computer 118 (e.g. over a network). The data store 120 can
contain dielectric spectral response models for various com-
ponents of interest which can be applied to measurement test
results.

FIG. 2 1s a side cross sectional view of a dielectric
spectroscopy sensor 200 designed in accordance with some
embodiments, being used to measure the dielectric ire-
quency response ol a subject 204. The dielectric spectros-
copy sensor 200 can be identical to sensor 106 of FI1G. 1, and
includes a dielectric composite structure 202 of three dielec-
tric material regions arranged in a series, mcluding a first
dielectric region 208, a second dielectric region 210, and a
third dielectric region 212. The second dielectric region 210
has a dielectric permaittivity value that 1s different from that
of the first and third dielectric regions 208, 212, respectively.
By different 1t 1s meant that they have a different permittivity
value across frequency, and can also exhibit a different
1sotrpy. In some embodiments the dielectric permittivity of
the first and third dielectric regions 208, 212 can be equal.
The second dielectric region 210 can further exhibit aniso-
tropic permittivity, meaning the dielectric permittivity value
depends on the direction 1n which the dielectric permittivity
1s measured. This 1s shown as an example 1n FIG. 8, where
in three difterent dimensions, the dielectric material can
have different permittivities €1, €2, €3. On a subject-facing,
surface of the dielectric composite 202 1s a microstrip
transmission or waveguide formed by a conductive layer
that includes an input section 214 at a first end of the
dielectric composite 202 on the first dielectric region 208.
The 1nput section 214 1s coupled to a radiator portion 216 on
the second dielectric region 210. The radiator portion 1s
designed to radiate electromagnetic waves outward, and 1nto
the subject 204. At the same time, electromagnetic waves
will likewise radiate in the opposite direction, imto the
second dielectric region 210. The radiating portion 216 1s
coupled 1n series with an output section 218 on the third
dielectric region 212. On the opposite, or bottom side of the
dielectric composite 202 1s a ground plane 220 that extends
across all three dielectric regions 208, 210, 212. A feed line
222 can provide a signal from a frequency generator. A
coupler can measure the reflected signal S, on the input line
222. A receive line 224 can receive the transmitted signal
S21 that passes through the sensor 200, and provide the
transmitted signal to a receiver/analyzer for measurement.

The subject 204 can include a skin 206 or similar external
layer that separates the sensor 200 from the interior of the
subject 204. This skin 206 represents a different dielectric
permittivity from the interior of the subject 204, and which,
with conventional dielectric spectroscopy techniques, must
be known to a high degree in order to make measurements
beyond the skin 206. However, using the dielectric compos-
ite, 1t 1s enough to approximate the permittivity of the skin
206. The electric permittivity of the second region, therefor,
can be on the order of 25 to 35 for human subject. For dry
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trees 1t can be on the order of 2 to 3. For avocado fruits 1t
can be on the order of about 400.

In the normal course of dielectric spectroscopy, the wave-
guide structure of the input section 214, radiating portion
216, and output section 218 1s driven with electrical signal
having a frequency content spread across an extremely wide
frequency range, from 100 kHz to 1 GHz. The waveguide
structure 214, 216, 218 1s coupled by a plurality of additional
waveguide structures 222, 224 to a signal generator and
receiver by means of appropriate connectors whereby the
response ol the subject 204 to the input signals 1s measured
and recorded. Fach of the first, second, and third dielectric
regions 208, 210, and 212 can be anisotropic in one, two or
three dimensions, whereby each region 208, 210, 212 vary
from each other 1n their complex electrical permittivity e, *
and complex magnetic permeability p * of dielectric regions
208, 210, 212 to match the subject 204 as closely as possible,
meaning the skin 206 and other constituents that are not of
interest. Thereby the constituents that are of interest have an
unknown permittivity and permeability. The dimensions of
the waveguide portions 214, 216, 218, as well as the
dimensions of the dielectric regions 208, 210, 212 can be
varied as desired to achieve a selected complex electrical
permittivity e * and complex magnetic permeability u * as
well as a desired overall impedance.

It may be appreciated by those skilled 1n the art that 1f the
height of the subject 204 1s much larger than the height of
dielectric region 210 the eflective complex electrical per-
mittivity e,* of the overall system will a mixture of the
complex electrical permittivity of region 210 and the com-
plex electrical permittivity of the subject 204. While a closed
form expression may be possible, classical mixing rules
such as the Maxwell Garnett formula and the Bruggeman
formula do not function reliably, most probably because
these rules require uniform inclusions in the composite
matrix which 1s invalid for biological materials under test in
vivo testing.

The value of the inventive impedance spectroscopy sensor
200 1s 1n 1solating individual phenomena responding to the
clectric signals 1n a multistep process. Assuming that each
phenomena has a unique associated time constant, the vari-
ous phenomena can be separated 1n the frequency domain.
The phenomena of interest can include any of the various
biological constituents of the subject 204. For example,
blood sugar levels can be measured based on detecting and
measuring the characteristic response of blood glucose.
Although any kind of perturbation can be applied, most
reported studies apply a small sinusoidal current perturba-
tion to an equilibrium system and measure the correspond-
ing voltage response. It will be further appreciated by those
skilled 1n the art that the computation of the reflection and
transmission values of the sensor 200 are not atlected by the
anisotropic nature of the biological materials under test. It
has been found that the effective permittivity of the mixture
of the human tissues 1n the wrist area falls between 30 and
55. Theretore, to measure constituents at the wrist area, the
second dielectric region 210 should have a dielectric per-
mittivity value 1n this region over the frequency range of
interest, which will depend on which constituents are being
measured/detected.

One of the most popular procedures for the complex
clectromagnetic permittivity characterization of materials as
a Tunction of frequency 1s the Nicolson Ross-Weir (NRW)
method, (by extension the characterization of the complex
beta-dispersion mechamsm due to Maxwell-Wagner polar-
ization), based on transmit/recerve measurements of the
specimen under test, 1n a transmission line, over frequency.
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The properties of the materials under test are retrieved from
theirr impedance and the wave velocities 1n the materials as
a Tunction of frequency. The main reason for the popularity
of this method 1s that a closed form solution can be formed
if the thickness of the specimen 1s less than an integer
multiple of a half wavelength 1n the material, otherwise the
method produces ambiguous results due to the 2m period-
icity of the phase of the wave. In some embodiments the
inventive sensor responses can be processed using a varia-
tion of the NRW technique 1n an alternative transmission
line configuration based on technologies in common use
such as the embedded RF microstrip to find an approxima-
tion of a dielectric eflective medium that describes the
macroscopic electrical properties of 1n vivo biological speci-
mens as a composite material developed from averaging the
multiple values of the constituents that make up the biologi-
cal specimens (e.g. the subject 204) as a composite material.
Thus, the inventive apparatus uses the behavior of electro-
magnetic fields under interface conditions, rather than
boundary conditions, between two dielectric materials; a
first one with completely known properties (e.g. region 210)
and a second one with some combination of known and
unknown properties (e.g. the subject 204), to measure the
unknown properties of the second dielectric material (e.g.
the subject 204). By approximating the dielectric response
over frequency of some of the constituents of the subject 204
in dielectric region 210, those “known™ constituents are
removed from the eflect as they are effectively matched by
the second dielectric region 210. Thus, electrically, the
radiating portion 216 eflectively appears to be inside or
embedded 1n the subject 204, as shown 1 FIG. 6. In FIG. 6
transverse or quasi-transverse waves 602 can be radiated
into the subject 204. Because of the similarities of the
permittivity of the dielectric region 210 and constituents of
the subject 204 (such as the skin), the radiating portion 216
behaves eflectively as if 1t were inside the subject 204 as
indicated by line 604 as an embedded microstrip.

At the constituent level, the electromagnetic permittivity
values of the live subject 204 vary and are inhomogeneous.
Precise calculation of the many constituent values 1s nearly
impossible. However, 1t 1s possible to produce acceptable
approximations which in turn describe useful parameters
and properties of the subject 204 as a whole. In this sense,
cllective medium approximations are descriptions of a
medium (the subject 204) based on the properties and the
relative fractions of 1ts components which are derived from
calculations. Thus, the inventive apparatus modifies the
common RF embedded microstrip by using a sensor struc-
ture where the region 210 below the radiating portion 216 1s
filled with a dielectric with known properties, and the
subject 204 above the radiating portion 216 has incom-
pletely known properties. That 1s, some known and some
unknown. Some of the dielectric properties over frequency
of the subject 204 can be known a priorit and the second
dielectric region 210 under the radiating portion 216 can be
been created with electrical characteristics similar to the
known dielectric properties of the subject 204, and in
combination with the ground plane 220 the radiation portion
216 acts as an embedded microstrip transmission line that 1s
clectrically buried 1n the subject 204 while remaining physi-
cally outside the subject 204.

The sensor 200 can be fed as a transmission line and
transmit/reflected measurements of the eflective medium
formed by the combination of the subject 204 and known
dielectric of the dielectric composite 202 can be made using
the transmission line method considering all three parts of
the sensor; the input section 214 on the first dielectric region
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208, the radiating portion 216 on the second dielectric region
210, and the output section 218 on the third dielectric region
212.

Properties of the subject 204 under test are retrieved from
their impedance and the wave velocities 1n the materials as
a function of frequency. The electromagnetic permittivity
characterization of the dielectric eflective medium created

by the known dielectric (208, 210, 212) subject 204 can be
obtained by the Nicolson Ross-Weir (NRW) method, and by
extension the characterization beta-dispersion mechanism
due to Maxwell-Wagner polarization, whereby properties of
the subject 204 under test are retrieved 1n vivo.

Another method for utilizing the inventive sensor 200 to
determine complex electromagnetic permittivity as a func-
tion of frequency 1s the NIST 1iterative method which per-
forms the calculation using a Newton-Raphson’s root find-
ing method, and 1s suitable for permittivity calculation only.
It utilizes all four scattering parameters (S;;, S5, S;,, S,,)
or a pair (S,,, S,,) of scattering parameters ol the subject
204 to calculate the retlection and transmission coetlicient.
This method works well 11 a good 1nitial guess 1s available,
and bypasses the inaccuracy peaks that exist in the NRW
method when the sample thickness 1s an mteger multiple of
one-hall wavelength nAg/2. It 1s suitable for long samples
and characterizing low loss maternals.

Yet another method for the utilizing the inventive sensor
200 to determine complex electromagnetic permittivity of
materials as a function of frequency 1s the non-iterative
method, which 1s similar to the NRW method but with a
different formulation, and 1t 1s suitable for permittivity
calculation for the case where permeability u =1. It utilizes
all four (S,,, S,,, 5,5, S,,) scattering parameters or just two
(S,,, S,,) scattering parameters of the subject 204 to calcu-
late the reflection and transmission coethlicients. This method
has the advantage of being stable over a whole range of
frequencies for an arbitrary sample length, and 1s based on
a simplified version of NRW method. No divergence 1is
observed at frequencies corresponding to multiples of one-
half wavelength in the sample. It does not need an 1nitial
estimation of permittivity and can perform the calculation
very fast. The accuracies of this method are comparable to
the iterative method, and uses a partly different formulation
from the NRW method. It can be easily extended to other
measuring samples, for example micro-strip or coplanar
lines. It also has the permittivity and permeability appear 1n
the expression of the effective electromagnetic parameters.
The eflective electromagnetic parameters represent a propa-
gation mode.

Yet another method for the utilizing the mventive sensor
200 to determine complex electromagnetic permittivity as a
function of frequency 1s the short circuit line (SCL) method
which 1s a one port measurement on waveguides. The SCL
method performs the calculation using the same Newton-
Raphson’s numerical approach as in the NIST iterative
method and 1s suitable for permittivity calculation only. It
utilizes only the S|, parameter of subject 204 to calculate the
reflection coetlicient. The method requires a good 1nitial
guess 1n order to obtain an accurate result. The method also
requires the sample length and position to known for accu-
rate measurements.

FIG. 3 1s a top view of a dielectric spectroscopy sensor
202, in accordance with some embodiments. The microstrip
waveguide 1s comprised of an iput section 214 on the first
dielectric region 208, a radiation portion 216 on the second
dielectric region 210, and the output section 218 on the third
dielectric region 212. A signal can be applied to the structure
as indicated by arrow 300, resulting 1n a retlected wave
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indicated by arrow 302 and a transmitted wave indicated by
304. The values of these responses can be used, using the
above-described methods, to determine the “unknown” per-
mittivity of constituents of a subject (e.g. 204) 1n contact
with the radiation portion 216. As shown here, the radiating,
portion 1s a center-fed fully alternating meander, meaning,
the conductive trace starts at the center, traverses to one side,
then travels back around itself to the other side, and so on,
and then couples to the output section 218.

FIG. 4 1s a top view of a dielectric spectroscopy sensor
400, 1n accordance with some embodiments. The sensor 400
1s substantially similar to the sensor 202, including a first
dielectric portion or region 402, a second dielectric region
404, and a third dielectric region 406. The 1nput section 408
of the microstrip waveguide structure 1s formed on the first
dielectric region 402. A radiating portion or element 412 1s
tormed on the second dielectric region 404 and 1s fed by the
input section 408. The output section 410 1s formed on the
third dielectric region 406 and 1s coupled to an end of the
radiation portion 412. As shown here, the radiation portion
412 1s a center-fed planar spiral winding. A feed line 414
connects the mput section 408 to the center of the radiation
portion 412 and traverses the second dielectric portion 404
under the winding traces on the top of the second dielectric
portion 404. The dielectric permittivity of the second dielec-
tric region 404 1s selected to be approximate to that of
certain constituents of a given test subject in order to
measure the permittivity of the other constituents of the
subject.

FIG. 5 1s a side view of a curved dielectric spectroscopy
sensor 500, in accordance with some embodiments. The
sensor 500 can be curved or otherwise shaped to receive a
correspondingly-shaped subject. For example, the curved
sensor 300 forms a recess 516 1n which the wrist of a patient
can be received and placed in contact with the sensor 500.
The sensor 500 comprises three dielectric regions 502, 504,
and 506. The permittivity of dielectric region 504 1s selected
to substantially match constituents of the subject not being
tested in the frequency ranges used for the constituents being,
tested or determined, and 1s different than the permittivity of
dielectric regions 502, 506. Thus a microstrip waveguide 1s
comprised of an imput section 510 on the first dielectric
region 502, the input section 510 feeds a radiating portion
508 on the second dielectric region 504, and the output of the
radiation portion 308 1s coupled to an output section 512 on
the third dielectric region 506. A ground plane 514 1s on the
opposite side of the dielectric regions 502, 504, 506 from the
microstrip waveguide elements 510, 508, 512.

FI1G. 7 1s a flow chart diagram of a method 700 for using
a dielectric spectroscopy sensor, 1n accordance with some
embodiments. At the start 702 a subject for testing has been
identified, either specifically or generally. In step 704 a
sensor and system such as that of FIG. 1 1s provided where
the sensor includes a dielectric composite formed of three
sections arranged 1n a series with a microstrip waveguide
structure placed on one side of the dielectric composite, and
a ground plane on an opposite side. The microstrip wave-
guide structure comprised an input section on the {first
dielectric region, a radiating element on the second dielectric
region, and an output section on the third dielectric region.
The permittivity of the second dielectric section 1s selected
to be equal to that of certain constituents of the subject being,
tested that are known. These electrical properties will vary
based on the subject and the constituents being measured.
Further, the permittivity of the first and third dielectric
regions are different than that of the second dielectric region.
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in step 706 the sensor 1s placed in contact with the subject,
and specifically the radiation element of the microstrip
waveguide 1s placed facing the subject. In step 708 a series
ol signals at various frequencies 1s applied to the sensor, and
for each frequency used, the reflected and transmitted sig-
nals are measured. The reflected signal 1s measured at the
input, and the transmitted signal 1s measured at the output of
the sensor (e.g. on the other side of the radiating element).
In step 710 the measured retlected and transmitted signals
are processed and compared to known model responses of
constituents being tested. In step 712 a report can be
prepared or generated, and then the method 1s done 714.

In practice, using a sensor configured as shown and
described herein, a transverse electromagnetic (ITEM) wave
1s launched from the radiation element as a quas1 TEM wave
and transformed by elements microstrip waveguide 1n com-
bination with the resulting impedance produced by the
dielectric composite and subject being tested. E-fields are
developed 1n subject by the combination of the second
dielectric region and the radiation element and ground plane.
Since the subject and the second dielectric region are
identical, or nearly so, the anisotropy introduced by the
waveguide structure at the interface between the subject and
the radiating element 1s reduced to near zero, causing this
interface to become more 1sotropic by matching the dielec-
tric properties of one to another. Thus, the interface etlec-
tively disappears, making the radiating element electrically
image 1nside the subject while the actual physical sensor 1s
outside the subject.

The TEM wave passing through the radiating element 1s
transformed by the output section and ground plane in
combination with the third dielectric element to the nominal
impedance of a receiver. It will be appreciated by those
skilled in the art that the impedance of the microstrip
waveguide configuration described above need not have a
nominal 1impedance of 50 ohms. It will be further appreci-
ated by those skilled 1n the art that the dielectric regions can
be anisotropic 1n one, two or three dimensions, and that the
complex electrical permittivity and complex magnetic per-
meability of the dielectric composite regions are selected to
match the biological specimen as closely as possible.

It will also be appreciated by those skilled 1n the art that
the dimensions of each element can vary to achieve the
desired permittivity and permeability by adjusting or chang-
ing the width and thickness of the microstrip waveguide
clements to determine the desired overall impedance. It will
be further appreciated that the resulting permittivity and
permeability of the sensor in combination with the subject
can be measured using various methods as described herein.

Accordingly, a sensor forming a microstrip waveguide
structure, and various associated methods have been dis-
closed that allow a radiator portion of the microstrip wave-
guide to 1mage eflectively iside of a subject being tested to
that the permittivity of certain constituents of the subject can
be measured. The inventive arrangement eliminates the need
for mvasive techniques and allows for 1n vivo testing of the
subject. Accordingly, dynamic processes 1n the subject can
be monitored on an ongoing basis without disrupting the
subject or causing discomiort in the case of animal/human
subjects.

What 1s claimed 1s:
1. A microstrip waveguide structure for in vivo sensing of
an electric permeability of an organism, wherein the electric

permeability of the organism includes a known permeability
component and an unknown permeability component, the

microstrip waveguide structure comprising:



US 10,921,274 B2

17

a dielectric composite having a first side and a second side
opposite the first side, the dielectric composite com-
prising three dielectric regions organized linearly and
including a first dielectric region, a second dielectric
region, and a third dielectric region, wherein the second
dielectric region has an anisotropic electric permeabil-
ity that 1s different than an electric permeability of the
first dielectric region and the third dielectric region, and
wherein the anisotropic electric permeability of the
second dielectric region 1s selected to be substantially
equal to the known permeability component of the
clectric permeability of the organism;

a microstrip transmission line formed on the first side of
the dielectric composite and having an input section
formed on the first dielectric region, a radiator portion
formed on the second dielectric region, and an output
portion formed on the third dielectric region; and

a ground plane formed on the second side of the dielectric
composite.

2. The microstrip waveguide structure of claim 1, wherein
the electric permeability of the first dielectric region 1s
equivalent to the electric permeability of the third dielectric
region.

3. The microstrip waveguide of claim 1, wherein the
radiator portion of the microstrip transmission line 1s formed
as a planar winding.

4. The microstrip waveguide of claim 3, wherein the
planar winding 1s formed as an alternating meander.

5. The microstrip waveguide of claim 3, wherein
planar winding 1s formed as planar spiral.

6. The microstrip waveguide of claim 1, wherein
dielectric composite 1s curved.

7. The microstrip waveguide of claim 1, wherein
second dielectric region has a permittivity of 25-355.

8. The microstrip waveguide of claim 1, wherein
second dielectric region has a permittivity of 2-3.

9. The microstrip waveguide of claim 1, wherein the
second dielectric region has a permittivity of 400 with a
variation of +/-10%.

10. The microstrip waveguide of claim 1, wherein a
thickness of the dielectric composite 1s less than half a height
of the organism.

11. The microstrip waveguide of claim 1, wherein the
clectric permittivity of second dielectric region 1s selected to
be substantially equal to the known permeability component
of the electric permeability of the organism in a frequency
range of 100 KHz to 220 MHz.

12. The microstrip waveguide of claim 1, wherein at least
one of the first and third dielectric regions have an aniso-
tropic permittivity.

13. A dielectric spectroscopy system for 1n vivo measure-
ment of constituents of an organism, the organism having a
first set of constituents having a first electric permittivity,
and a second set of constituents having an electrical permit-
tivity to be measured, the system comprising:

a sensor having:

a dielectric composite having a first side and a second
side opposite the first side, the dielectric composite
comprising three dielectric regions organized lin-
carly and including a first dielectric region, a second
diclectric region, and a third dielectric region,
wherein the second dielectric region has an aniso-
tropic electric permeability that 1s different than an
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clectric permeability of the first dielectric region and
the third dielectric region, and wherein the anisotro-
pic electric permeability of the second dielectric
region 1s selected to be substantially equal to a
known permeability component of an electric per-
meability of the organism;

a microstrip transmission line formed on the first side
of the dielectric composite and having an input
section formed on the first dielectric region, a radia-
tor portion formed on the second dielectric region,
and an output portion formed on the third dielectric
region; and

a ground plane formed on the second side of the
dielectric composite;

a signal generator coupled to the input section configured
to provide signals at a plurality of different frequencies;

a coupler coupled to the input section for detecting
reflected signals from the sensor; and

a receiver coupled to the output section of the sensor to
receive a transmitted signal.

14. The dielectric spectroscopy system of claim 13,
wherein the electric permeability of the first dielectric region
1s equivalent to the electric permeability of the third dielec-
tric region.

15. The dielectric spectroscopy system of claim 13,
wherein the radiator portion of the microstrip transmission
line 1s formed as a planar winding.

16. A dielectric spectroscopy sensor for 1n vivo sensing of
a living subject, comprising:

a dielectric composite having a first side and a second side
opposite the first side, the dielectric composite com-
prising three dielectric regions organized 1n series and
including a first dielectric region, a second dielectric
region, and a third dielectric region, wherein the second
dielectric region 1s between the first and third dielectric
regions and has an anisotropic electric permeability that
1s different than an electric permeability of the first
dielectric region and the third dielectric region;

a microstrip transmission line formed on the first side of
the dielectric composite and having an input section
formed on the first dielectric region, a radiator portion
formed on the second dielectric region, and an output
portion formed on the third dielectric region; and

a ground plane formed on the second side of the dielectric
composite;

wherein the anisotropic electric permeability of the sec-
ond dielectric region 1s selected so that, n a given
frequency range the radiator portion appears to be
clectrically embedded in the organism.

17. The dielectric spectroscopy sensor ol claim 16,
wherein the electric permeability of the first dielectric region
1s equivalent to the electric permeability of the third dielec-
tric region.

18. The dielectric spectroscopy sensor of claim 16,
wherein the radiator portion of the microstrip transmission
line 1s formed as a planar winding.

19. The dielectric spectroscopy sensor of claam 18,
wherein the planar winding 1s formed as an alternating
meander.

20. The dielectric spectroscopy sensor of claim 18,
wherein the planar winding 1s formed as planar spiral.
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